Abstract Gait analysis is an objective tool that has been used to assess and monitor treatment for many musculoskeletal conditions. Recently, it has been used to assess the impact of femoro-acetabular impingement (FAI) on the hip and lower limb movements. There have been a fairly limited number of studies published so far reporting unexpected and inconsistent results, which calls for more research to be conducted in this arena. In the light of the limited data available, it has been challenging to reconcile the contradictions in some of these results, and therefore no coherent conclusions could be drawn. In this short article, we attempt to explain some of the abnormal kinematic and kinetic patterns associated with FAI by highlighting similarities between the gait seen in early osteoarthritis (OA) and that of FAI. We also propose an approach for future research in this field and emphasise the importance of quantifying early OA in FAI based on magnetic resonance imaging (MRI) scans and the amount of chondral damage seen during open or arthroscopic surgery.
Introduction
Femoro-acetabular impingement (FAI) is a pathomechanical condition caused by an altered osseous morphology of the acetabulum and or the head-neck junction of the femur [1] [2] [3] . This leads to a pathological abutment and a point or regional loading of the femoral neck or head-neck junction against the acetabulum [4] [5] [6] . This reduces the free arc of hip motion [7] and causes articular or soft tissue damage around the acetabular rim [8, 9] which may eventually result in irreversible labral and chondral damage [8, 10] , thereby ultimately progressing on to osteoarthritis (OA) [11] [12] [13] . Based on the morphological bony anomalies contributing to the impingement process, two distinct types of FAI have been described [6] . The pincer type is caused by bony anomalies associated with the acetabulum such as excessively retroverted acetabulum or an acetabular protrusion, whilst the cam type is caused by mis-shaped head-neck junction of the femur causing a prominence at the femoral head-neck junction leading to impingement. In many cases patients have a combination of cam and pincer FAI [6, 9, 14] . Therefore, surgical intervention by an open, arthroscopic or combined techniques [15] [16] [17] aims to reduce the severity of the impingement, relieve pain and possibly increase motion.
Since FAI impairs hip motion, obtaining objective and accurate assessment of hip biodynamics is vital in understanding the impact of this condition. Gait analysis has been used as an objective and quantitative technique for the evaluation of normal and pathological patterns of locomotion in many musculoskeletal conditions [18, 19] . It has also been used for the prescription of treatment as well as evaluating the effect of different interventions in pathological states [20] [21] [22] [23] . Therefore, it could potentially provide an alternative objective assessment tool for FAI.
Patients with FAI were thought to have normal gait pattern because it can be difficult to identify small kinematic abnormalities by clinically appraising gait unless an antalgic gait is present [24] . For example, normal hips abduct during the swing phase in order to swing the foot around the contralateral leg (foot) and adduct during the stance phase in order to shift the centre of gravity directly above the supporting leg [25] . Small differences in these movements can be difficult to appreciate during clinical assessment. However, using modern gait analysis techniques have allowed investigators to acquire precise measurements highlighting subtle discrepancies in the joint kinematics that are not readily visible to the clinician's eye [22, 26] .
The potential impact of FAI on gait was initially highlighted in a computer-based study by Rab [27] on slipped capital femoral epiphysis (SCFE) which resembles FAI. The author simulated a virtual restriction in the overall range of hip movements during the gait cycle, with significant reduction in hip flexion that correlated with the severity of the slip [27] . Since then, there have been a small number of clinical studies looking at gait and the overall range of hip movements in patients with FAI [20, 23, 28, 29] . These studies have compared patients with FAI to healthy control groups [28, 29] and also looked at gait parameters in patients with FAI before and after surgery [20, 23] , revealing surprising and inconsistent results. It is therefore challenging to draw any logical conclusions from the limited data available in the literature. The small number of studies makes summarising their positive results fairly easy, but the aim of this article is to analyse these conflicting results and their clinical effect and with these in mind be able to propose further research in this arena.
Kinematics and kinetics in FAI
Kennedy et al. demonstrated reduced frontal (abduction and adduction) and sagittal (flexion and extension) range of movements (ROM) in hips with FAI compared to a control group during gait at a natural pace. These reductions in movements were caused by significant decrease in hip peak abduction angle and an insignificant decrease in the peak extension angle [28] respectively; these are the maximum angles recorded for hip abduction and extension (respectively) during normal pace gait. Similarly, Hunt et al. reported significantly reduced sagittal ROM caused by a significantly reduced peak extension angle [29] . However, contrary to Kennedy et al. [28] , they demonstrated a significant reduction in the peak internal rotation angle and in the peak adduction angle causing insignificant reduction in the frontal plane ROM [29] . Patients with FAI often have limited internal rotation especially in flexion and also limited adduction [2, 9] , and therefore from the outset it seems that this concurs more with the findings in the Hunt et al. study [29] .
With regard to kinetics, Kennedy et al. reported no significant differences in all planes of movement [28] . However, Hunt et al. demonstrated reduction in the moment of hip flexion and external rotation [29] . Furthermore, Hunt et al. also demonstrated a reduction in the velocity of gait.
Surgical treatment resulted in an increased sagittal ROM and reduction in reverse hip flexion angle according to Rylander et al. [20] , but no improvement could be demonstrated by Brisson et al. who looked at the effect of surgery on cam FAI [23] . Neither of these studies demonstrated any impact of surgery on the kinetics of the hip. It is worth noting that Kennedy et [20, 29] which may explain some of the differences in the results.
Are these results consistent with FAI?
Normal hip sagittal and frontal ROM during gait at a natural pace varies slightly but is centred on the average figure of 40 and 13°respectively, with little variations amongst different age groups [18, 25] . However, the total sagittal ROM of the hip joint is almost 130°and the total frontal plane ROM is approximately 80° [30] . Therefore, during normal pace gait cycle the hip only moves within 31 % of the total sagittal ROM and 16 % of the frontal ROM. Furthermore, two computer-based studies conducted by Bedi et al. [31] and Kubiak-Langer et al. [32] showed that patients with FAI had an average flexion of greater than 100°before any physical osseous impingement occurred on simulation. This is not far off the average hip flexion gained during clinical examination, which has been shown to have an average of more than 90° [ 33, 34] . Hence, the range of peak flexion during the normal gait cycle does not reach the threshold for physical impingement. Therefore, why should FAI have any impact on the sagittal ROM of the hip during gait at a natural pace?
The studies comparing patients with FAI to control patients have consistently demonstrated a reduction in the peak extension angle [28, 29] . Even when the overall range of sagittal movement was reduced, it was caused by this reduction in the peak extension angle. This is in total contradiction to what is expected from the impinging hip [27, 31] particularly in cam FAI. The impingement occurs around the anterior superior aspect of the acetabulum [32] and hence if FAI is ever going to have any impact on the gait then this should manifest maximum during flexion and internal rotation [27] .
Furthermore, surgical resection of the cam impinging lesion did not lead to any improvement in the kinematics of the hip despite the improvement in pain [23] . Even when surgery led to an improvement in the range of motion as demonstrated by Rylander et al. [20] , the change in the hip flexion angle did not correlate with pain or functional scores, depth of acetabular labrum resection or the improvement in the centre edge angle. Furthermore, there were no changes noted in the kinetics of the hip following surgical resection of the cam lesion [20, 23] .
The above contradictions in the results and the inconsolable findings with our expectations raise the question whether we should attribute all the changes in the kinematics and kinetics purely to the colliding and impinging areas in the acetabulum and the femoral head-neck junction. Or is there another process (or processes) associated with FAI that may underpin the observations reported?
Some of the explanations that have been suggested for the abnormal hip kinematics in FAI, beside bony impingement, are pain inhibition and soft tissue impingement [20, 28, 29] . It is also possible that patients with FAI have subconsciously adopted impingement and pain avoidance behaviour that manifests by an altered gait pattern [23] . Another possible explanation is muscle weakness, which is poorly understood in FAI, but so far has been demonstrated in some muscle groups affecting flexion, abduction and internal rotation [35, 36] . The decrease in peak extension could also be secondary to muscle contractures or early anterior capsular tightness similar to what occurs in arthritis. The range of hip joint extension is normally less than flexion [25] , and therefore even a slight reduction in extension (as a result of anterior capsule tightness or muscle contracture) could easily translate into a significant reduction in the peak extension angle during gait and hence smaller step length.
Discussion
One of the significant findings raised by Rylander et al. [20, 35] was the presence of reverse angles in almost 50 % of their cohort, and this was also noted recently by Hunt et al. [29] in one of their participants with FAI. This may hold the key for explaining some of the gait analysis results in FAI.
The reverse flexion angle (or discontinuity in motion) occurs when the smooth pattern of flexion and extension (sagittal plane movement) is disturbed by an abnormal hesitation or reversal during the flexion-extension cycle [37] (Fig. 1) . This discontinuity of motion tends to occur at a point as the hip passes from flexion into extension during the stance phase of the gait cycle [20, 37, 38] . This is rarely seen in normal individuals, and even when present it tends to have a significantly smaller magnitude [38] . However, this phenomenon has been strongly linked to OA [38] , and its prevalence and magnitude have been independently correlated with the radiological severity and the progression of OA regardless of pain or hip functional scores [37, 38] .
Therefore, this raises the possibility that the abnormal kinematics seen in FAI might be because of an underlying presence of early OA associated with FAI rather than by the actual act of physical impingement. This possibility was also raised by Rylander et al. [20] and it is further supported by the following observations:
According to Ganz et al. and other authors, early OA in
FAI is pre-radiological [39] [40] [41] . All the studies on kinematics of FAI have so far relied on X-rays to identify the presence of OA and none have commented on the presence (or not) of any OA features on the magnetic resonance imaging (MRI) scans. Therefore, we suspect that many patients with early OA in association with FAI were included in the above studies.
2.
The reverse angle tended to occur in the mid-stance or later part of the stance phase as the hip is extending [20] . Again this contradicts our expectations of FAI (especially cam FAI) because any FAI-related reverse angle should theoretically occur during the early part of the stance phase (during flexion) because in this position the distance between the impinging ossicles is less and the femur is closer to the anterior aspect of the acetabulum where impingement occurs [32] .
In early OA, Foucher et al. [38] reported that the position of the reverse angle began at around mid-stance (44±13 % of the stance phase) and lasted for 27±13 % (of the stance phase) into the extension phase. Similarly, Hurwitz et al. [37] reported that the position of the reverse angle in OA occurred at 69± 26 % of the range of motion during the stance phase, i.e. as the subject was reaching the limit of the extension motion. Therefore, the position of the reverse angle in early OA [38] is consistent with what has been reported in FAI [20] . [20] . This was also associated with the complete resolution or reduction of these reverse angles. However, this improved movement did not correlate with reduction in pain or with improvement in hip functional scores. The cohort of patients in the study by Brisson et al. [23] did not have reverse angles pre-operatively [28] and neither did they show any improvement in the sagittal plane range of motion postoperatively (or in any of the kinematics) despite removing the impinging lesion and the improvement in pain score [23] . A simplistic suggestion here may be that whatever process was responsible (more likely to be early OA) for these reverse angles (in the cohort of Rylander et al.) was also responsible for the reduction in sagittal movements before surgery regardless of pain or function. Treating the underlying cause for this reverse angle translated into an improvement in the movements following surgery. It is also worth noting that Rylander et al. carried out multiple procedures, including repair or resection of the labrum and microfracture of the damaged chondral surface of the acetabulum.
We can only speculate from these findings that the cohort of patients in the Brisson et al. study [23] had early OA to cause abnormal gait patterns, but this early OA was not significant enough to cause obvious reverse angles during gait analysis. It is also not clear from their study whether they detected or treated any significant acetabular chondral damage.
4.
As demonstrated by Kennedy et al. [28] and Hunt et al. [29] , the reduction in the sagittal plane of movement was mainly attributed to the reduction in the peak extension angle and not to the peak flexion angle (contrary to our expectation as impingement mainly occurs during flexion [27, 31, 32] ). These findings are consistent with the kinematic findings in early OA [42] . Eitzen et al. demonstrated that patients with early OA walked at a reduced velocity and revealed a significantly reduced hip joint excursion, specifically manifesting in a significantly reduced peak extension angle [42] . On the other hand, peak flexion angles of early OA patients were similar to those of the controls [42] .
5. In the Brisson et al. study [23] , operative treatment of FAI did not result in improvement in the ROM despite the improvement in pain. Even when improvement in ROM occurred, as in the Rylander et al. study [20] , this did not correlate with improvement in pain. This suggests that the ROM during normal gait in FAI might not be significantly related to pain. Similar findings were found in OA where some authors did not attribute the decrease in the kinematics range (during normal gait) to pain but to the overall decrease in the range of motion of the affected joint [37, 43] .
Future research
The above points draw similarities between the characteristics of patterns in gait in OA and FAI suggesting that the presence of early OA in association with FAI may explain at least some of variations seen in the results published. However, the studies done so far have included inconsistent cohorts of patients, and therefore from the available limited data, it is difficult to draw any comfortable and robust conclusions. The logical recommendation, therefore, would be to do further clinical gait analysis in FAI with strict inclusion criteria. This, however, is more likely to reproduce the same inconsistent results, unless we made sure that we have accounted for all the different explanatory variables in our analysis model. There are several consistent radiological features associated with FAI [8] [9] [10] 14 ], yet there are many people with these radiological features who are asymptomatic [44] [45] [46] [47] . In fact there are patients with bilateral radiological evidence of FAI but with only one symptomatic hip [29] . Furthermore, there have been contradictory reports in the form of longitudinal studies linking some of these radiological features with the development of OA in these asymptomatic people [44, 47] . This highlights the fact that FAI represents not a single entity but a wide spectrum [24] caused by many variable parameters with some having more influence than others either independently or in constellation with other demographic and clinical variables. Recognising the heterogeneity of this condition is fundamental to research in this arena. Categorising patients into cam, pincer and mixed FAI may be adequate in the clinical setting, but this classification is still very broad in research terms especially when considering the number of radiological variables associated with each type of FAI [8] [9] [10] . We need to have a system of not only recording the presence or absence of certain radiological and clinical signs but we also need to quantify these signs on categorical or continuous scales so that they can be specifically and directly correlated with the outcomes in kinematics and kinetics. For example, categorising patients into groups according to an alpha angle of greater or less than 50°may not be sufficient, instead the actual angle will need to be recorded and correlated as a continuous variable with the measured outcome in a univariate or multivariate analysis with other factors.
Another important factor that has been ignored by the studies but highlighted by several authors is the significant impact of early and pre-radiological OA in FAI [39] [40] [41] . None of the studies conducted so far assessed for the absence or presence of OA on MRI scans or during arthroscopy or attempted to quantify its severity on the symptomatic hip. They have relied on simple radiographs during the recruitment of patients, therefore inevitably missing many patients with pre-radiological early OA. We therefore recommend the quantification of the amount of OA based on MRI scans and/or chondral damage found during surgery [48] . This can be then correlated alongside other radiological features with different kinematic and kinetic variables.
In conclusion, there is very little published in the field of gait analysis and FAI and the studies conducted so far suffer from common weaknesses such as the inclusion of a small and inconsistent cohort of participants. Considering the multiple variables (radiological, demographic and clinical) associated with this condition, studies with a large cohort of patients are needed in order to be able to draw meaningful conclusions. This will require the collaboration of the different centres interested in this field for the recruitment of enough participants that will allow for adequate subgroup analysis according to these variables.
